Images of the spatial distribution of nonequilibrium electrons are studied in a wide quantum Hall effect ͑QHE͒ Hall bar (ϭ2) by detecting the local profile of the cyclotron radiation with an improved spatial resolution of 50 m for the radiation wavelength of ϭ120 m. The experiments, along with conventional studies of voltage distribution via voltage probes, reveal the generation of nonequilibrium carriers at the diagonally opposite corners of Hall bars ͑hot spots͒ at low current levels ͑below 80 A), as well as the occurrence of additional generation of nonequilibrium carriers at the corner opposite to the hot spot on the side of the source contact at higher currents ͑above 80 A). The experimental findings are consistently interpreted in terms of earlier models of the electron dynamics around current contacts, providing support to the model of bootstrap-type electron heating for the breakdown of the QHE. DOI: 10.1103/PhysRevB.68.085328 PACS number͑s͒: 73.43.Ϫf, 07.79.Fc In the more than two decades since the discovery of quantum Hall effects ͑QHEs͒, 1,2 the role of metallic current contacts has not been fully understood. It is often suggested in the literature that the strong polarization fields concentrating at corners ͑hot spots͒ of the junction between metallic contacts and a two-dimensional electron gas ͑2DEG͒ layer in a Hall bar device 3 may cause the QHE to break down around current contacts. Surprisingly, however, an excellent quantization of the two-terminal ͑source-drain͒ resistance persists up to relatively large currents in a number of Hall bars, 4 the quantization being an apparent proof that the 2DEG layer, including the junction region, remains dissipationless. These seemingly conflicting features, as well as the influence of strong polarization fields on the dynamics of the electrons, should be clarified both from the basic viewpoint of better understanding QHEs and from the practical viewpoint of using QHEs for the resistance standard. 4 Two effects should be considered in the junction region of metallic current contacts. One is the formation of a potential barrier at the junction and the tunneling of electrons to a 2DEG through the barrier. 5, 6 The other is the influence of strong electric fields on the dynamics of electrons in the junction region. 7 These issues have been tackled experimentally by probing spatially resolved cyclotron emission.
In the more than two decades since the discovery of quantum Hall effects ͑QHEs͒, 1,2 the role of metallic current contacts has not been fully understood. It is often suggested in the literature that the strong polarization fields concentrating at corners ͑hot spots͒ of the junction between metallic contacts and a two-dimensional electron gas ͑2DEG͒ layer in a Hall bar device 3 may cause the QHE to break down around current contacts. Surprisingly, however, an excellent quantization of the two-terminal ͑source-drain͒ resistance persists up to relatively large currents in a number of Hall bars, 4 the quantization being an apparent proof that the 2DEG layer, including the junction region, remains dissipationless. These seemingly conflicting features, as well as the influence of strong polarization fields on the dynamics of the electrons, should be clarified both from the basic viewpoint of better understanding QHEs and from the practical viewpoint of using QHEs for the resistance standard. 4 Two effects should be considered in the junction region of metallic current contacts. One is the formation of a potential barrier at the junction and the tunneling of electrons to a 2DEG through the barrier. 5, 6 The other is the influence of strong electric fields on the dynamics of electrons in the junction region. 7 These issues have been tackled experimentally by probing spatially resolved cyclotron emission. 6, 7 The works lead to consistent models of current contacts, which accounted for the experimental findings. Unfortunately, however, the spatial resolution of the measurements was not necessarily sufficient to unambiguously establish the interpretation.
The purpose of this work is to shed more light on the issue by imaging nonequilibrium electrons in QHE Hall bars with higher resolution. To this end, we develop an improved scanning microscope system of far-infrared ͑FIR͒ radiation. When nonequilibrium electrons ͑holes͒ are excited in the Landau level above ͑below͒ the Fermi level, they emit a narrow-band cyclotron radiation upon the recombination process. 8, 9 By locally detecting such extremely weak cyclotron radiation, this method visualizes the local density profile of nonequilibrium electrons ͑holes͒ excited in a 2DEG layer, which is inaccessible via resistance measurements. The improved spatial resolution as well as the improved sensitivity in this work makes it possible to reveal characteristic features of the local distribution of nonequilibrium electrons ͑holes͒, and provides strong support to the models proposed in Refs. 6 and 7.
According to geometrical optics, the diffraction limit of a microscope is given by ␦ϭ0.61/(n sin ), where is the wavelength in vacuum, n the refractive index of a medium filling the space between an objective lens and an object, and the aperture angle. In our previous experiments with a remote objective lens (nϭ1.0, sin ϭ0.3), 6,7 ␦Ϸ300 m was obtained for ϭ120 m. Improvements are made by applying a solid immersion lens in the present work, as illustrated in Fig. 1͑a͒ . A hyperhemisphere lens with a 2.8-mm diameter and a 1.48-mm thickness, made of pure silicon crystal (n Si Ϸ3.4), is in contact to the backside surface of the GaAs sample substrate (n GaAs Ϸ3.4) of 0.5-mm thickness. The large refractive index of the media together with a large aperture angle, sin ϭ0.43, predicts ␦ϭ48 m for ϭ120 m. Furthermore, collecting radiation on the back side of the GaAs substrate, along with the larger aperture angle, leads to an improvement of sensitivity by a factor roughly about 7.
The focal point of the lens is designed to be on the 2DEG layer embedded in the GaAs substrate at a 0.1-m depth from the front surface. The cyclotron radiation emitted from the focal point is collimated via the lens, and is passed through a 30-mm-long and 1.7-mm-bore black polyethylene pipe for filtering off-axis lights. The radiation is then guided through a 5-mm-bore metal pipe to a highly sensitive wavelength-selective QHE detector 10, 11 at a 29-cm distance. The sample and the detector are immersed in liquid helium, and placed, respectively, at the centers of two superconducting solenoids. The sample is mounted on a mechanical X-Y translation stage and moves relatively to the lens, so that its focal point scans the entire 2DEG area.
The sample is a Hall bar ͑the length Lϭ4 mm and the width Wϭ1.5 mm) fabricated on a GaAs/AlGaAs heterostructure crystal, as shown in Fig. 1 ͑b͒. The electron mobil-ity and the electron density are, respectively, ϭ18 m 2 /Vs and n s ϭ3ϫ10 11 m Ϫ2 at 4.2 K. Eight pairs of voltage probes are placed at intervals of 0.5 mm. The arrows schematically represent electron trajectories in a magnetic field pointing out of the plane of the figure, and the white dots mark the diagonally opposite two hot spots. Rectangular-wave currents alternating between zero and a given finite value I at 30 Hz are passed through contacts 1 and 9, and the signal is recorded via a standard lock-in technique. The measurements are carried out at 4.2 K. Below contacts 1 and 9 serve, respectively, as the source and the drain of electrons (V 1 Ͻ0 ϽV 9 ) unless otherwise specified.
The resistances, R 91,91 ϭ(V 9 ϪV 1 )/I and R 91,92 ϭ(V 9 -V 2 )/I, plotted in Fig. 2͑a͒ , show that the magnetic field of Bϭ6.1 T corresponds to the QHE center at the filling factor of Landau levels, , equal to 2. Shown together is the FIR detector signal, V sig , which shows the spatially integrated intensity of cyclotron emission ͑CE͒ at Iϭ70 A, where the magnetic field for the detector is chosen to be B D ϭ6 T. The resonant character of V sig along with additional spectroscopic studies ͑not shown here͒ confirms that the detected radiation is the narrowband CE, and hence V sig is a direct measure of the local density of nonequilibrium electrons ͑holes͒. For the studies below, the magnetic field is fixed at Bϭ6.1 T (ϭ2), which yields a CE of ϭ120 m. Figure 2͑b͒ compares the profiles of the CE intensity obtained in the present optical scheme ͑II͒ with those studied in the earlier free-space optic scheme ͑I͒, 6, 7 where the left and the right panels display, respectively, the junction regions of the drain and the source contacts. The resolution is evidently improved, to a value ␦Ϸ50 m close to the expected diffraction limit. /2e 2 )I, for the values on the right hand side (kϭ2 -8) for clarity: On both sides, the value of V 91 -(h/2e
2 )I is indicated at Xϭ0 mm. In this configuration, the electrochemical potential S for electrons along the right-hand-side boundary, S H -D H , is higher than the one,
The corners S L and D H are the hot spots, at which Hall polarization fields are concentrated ͓Fig. 1͑b͔͒ and through which most of the electrons are injected into and withdrawn from the 2DEG layer. Additional measurements confirmed that all the features shown in Fig. 3 systematically change their spatial pattern upon the reversal of B and I, indicating that these features are of intrinsic physical origin.
We find that the two terminal resistance V 91 /I remains quantized at h/2e 2 within an accuracy of 10 Ϫ4 unless I exceeds 80 A, the feature being consistent with earlier reports. 4, 6, 7 Despite the absence of dissipative longitudinal resistance, however, CE is visible in narrow regions around the electron entry-and-exit corners S L and D H , as shown in the top panel of Fig. 3 for Iϭ70 A, the feature confirming our earlier findings. 6 As I exceeds 80 A, there emerges a finite dissipative resistance in a limited region close to the source contact as shown in the middle and the lower panels of Fig. 3 for I ϭ250 and 400 A. In addition, additional CE develops in a region close to corner S H that is opposite to the hot spot, S L . , and the CE signal V sig against magnetic field B at I ϭ70 A. ͑b͒ Left and right panels display, respectively, the intensity profiles of the CE along junction regions of the drain contact ͑ϩ͒ and the source contact (Ϫ), where the curves ͑I͒ taken with the earlier setup ͑Refs. 6 and 7͒ are compared with the curves ͑II͒ taken in the present optical scheme. For clarity, the signal intensities at the hot spots are normalized.
Distinct correlation between the additional CE and the voltage drop is confirmed by Fig. 4, where Fig. 4͑a͒ plots the CE intensity V sig as a function of I at three fixed positions; corner S H ͑circles͒ and the joint corners of voltage probes 2 and 3 ͑squares and diamonds͒. The CEs are indiscernible at low current levels below 80 A but increase abruptly, respectively, at Iϭ80, 150, and 260 A at these corners. Coincidence of the CEs with a finite voltage drop is demonstrated by the curves of V 21 ,V 32 , and V 43 versus I in Fig. 4͑b͒ . ͑We do not have a clear explanation for a small dip seen in the curve of V 21 around Iϭ150 A.͒ Profiles of the CE along boundary S L -S H (Y ϭ0 -1.5 mm) are displayed for different levels of I (у80 A) in Fig. 5͑a͒ . The bottom curve shows that CE is indiscernible along boundary S L -S H at Iϭ80 A, except the hot spot S L (Y ϭ0). As I increases, the CE peak at S L (Y ϭ0) increases its intensity, while additional CE rapidly grows, forming a more prominent, separated, peak at the opposite corner S H (Y ϭ1.5 mm). Another subtle but important feature is that, as I exceeds 80 A, a weak but distinct background CE emerges along the entire boundary region. Two panels of Fig. 5͑b͒ display CE profiles along boundary S H -D H (Xϭ0 -4 mm) . The upper panel shows that the region of new CE is restricted to a narrow area around corner S H (Xϭ0) until Iϭ100 A is reached. The lower panel of Fig. 5͑b͒ shows that, for IϾ100 A, the region develops largely in the direction towards XϾ0, with a position of maximum intensity shifting away from corner S H . ͑The curves for Iу300 A are furnished with a peaked structure with a period about 0.2 mm, which is supposedly caused by an interference pattern of radiation and will not be discussed below.͒ In contrast, the region of CE on the side of drain contact is limited to the close vicinity of the hot spot, D H , at all current levels.
The experimental findings in the above are consistent with, but give more detailed information than, the earlier data of lower-resolution CE experiments on Hall bars fabricated on a different GaAs/AlGaAs heterostructure crystal. 6, 7 The CE found at corners S L and D H at lower current levels (Iр80 A) is attributed to the generation of nonequilibrium electrons ͑holes͒ through tunneling across a potential barrier ͑fall͒ between the source ͑drain͒ contact and a 2DEG layer. 6 The absence of excess resistance up to Iϭ80 A, despite the generation of nonequilibrium carrier distribution around corners S L and D H , is readily understood by noting that voltage-probe contacts detect the electrochemical potential of edge channels. 12, 13 Electrons in the edge channels along boundary librium carrier distribution around corner S L or D H does not affect the electron distribution in edge channels because these corners are, respectively, the ''down-stream'' terminals of the edge channels. The nonequilibrium carrier distribution along the junction region of the source contact also yields no detectable voltage drop unless it reaches corner S H and affects the edge channel electron distribution.
Hence, the questions to be asked are ͑i͒ why CE is limited only to corners S L and D H up to Iϭ80 A, and ͑ii͒ why an additional region of CE develops when IϾ80 A at corner S H , and not in other regions. Our interpretation is deeply linked to the characteristics of the well-known currentinduced breakdown of the QHE. 14 -17 We note that the breakdown phenomenon is a relatively slow process of cascadelike multiplication of excited electron-hole pairs. 18 -20 It is known in long Hall bars that the dissipative resistance R xx increases abruptly when the average Hall electric field, ͗E H ͘ϭV SD /W, in a 2DEG channel exceeds a critical value E c Ϸ10 4 V/m already at a very small current level, I Ϸ10 nA. Naively considered, therefore, the QHE would breakdown around corner S L or D H in most experimental conditions. However, the slow cascade process requires electrons to travel a sufficiently long distance before yielding appreciable resistivity. 18 Hence, electric fields higher than E c have to be distributed over a macroscopic length along the trajectories followed by the electrons. The characteristic distance L B needed for sufficient cascading is typically more than a few tens of micrometers at an electric field about 10% larger than E c . 20, 21 On the side of the source contact, electrons with energies D ϽϽ S Ϫ(ប c )/2 are tunnel injected at corner S L and drift along the junction S L -S H towards corner S H . 5, 6 If the longitudinal resistivity is strictly vanishing along the junction region, the polarization fields along this region are strong as well, with the highest amplitude at S L and decreasing amplitudes along the junction towards S H . Over a certain length range from corner S L , the average field av E contact may exceeds E c . Electron-hole pair generation will take place in such a limited region where av E contact ϾE c , yielding a finite resistivity. However, the induced finite resistivity, in turn, reduces the polarization fields. Hence, the polarization fields will be suppressed to a value close to E c , and the electronhole pair generation will be self-limiting to a minimal level.
The region of av E contact ϾE c may expand towards corner S H as the current increases, but no appreciable CE may appear unless the region reaches corner S H . We suppose that the region reaches S H at Iϭ80 A. At this stage, the selfconsistent polarization fields over the entire region along S L -S H start to increase beyond E c . This leads to a substantial distribution of nonequilibrium electrons ͑holes͒ along the junction that yields background CE along the entire junction region. At the same time, a strong peak of CE appears at the terminal of the cascade stream, corner S H . As the current increases further, the region where av EϾE c expands further along boundary S H -D H , where the cascade generation continues to develop. The region of significant carrier generation is strongly weighted towards the higher potential boundary, S H -D H , at Iϭ400 A ͑the bottom of Fig. 3͒ . This feature might be explained by a theoretically expected nonuniform current distribution caused by an energy flux density that has a component pointing to higher potentials. 21 On the other hand, the situation around the drain contact is different, as clearly seen in Fig. 5͑b͒ . On this side, the cascade generation of nonequilibrium carriers develops as the electrons move from corner D L to D H . A substantial nonequilibrium carrier distribution may build up at the terminal, corner D H . However, this does not lead to a substantial intensification of CE at this corner, nor to an expansion of the CE region, because the nonequilibrium carriers reaching corner D H are immediately absorbed by the drain contact.
Thus, all the experimental findings have been consistently interpreted. It may be worthwhile mentioning to Kla␤ et al. ' s experiments, where the spatial distribution of heat generation was studied in a Hall bar (Lϭ3 mm, Wϭ2.5 mm) with a 50-m resolution. 22 Kla␤ et al. found no signature of heat generation except at the two hot spots (S L and D H ) even with higher currents (IϾ100 A). To interpret this discrepancy, we suggest that Kla␤ et al.'s experiments probe the lattice temperature T L , whereas the present experiments probe the effective electron temperature T e . Furthermore, the present CE measurements are affected by the ratio of radiative recombination to the nonradiative process. In both experiments, the Hall resistance R H ϭ12.9 k⍀ is substantially larger than the excess dissipative resistance (Ͻ8 k⍀), so that the heat generation R H I 2 at the two hot spots (S L , D H ) dominates the total dissipation. The heat generation around corners S L and D H is caused by electron tunneling, and is probably concentrated in narrow, spotlike regions, leading to an appreciable rise in T L . However, the heat generation around a boundary region from S H towards D L , being caused by the dissipative resistance, may be more diffusive. On the other hand, we suppose that the probability of the radiative/nonradiative process is by more than one order of magnitude higher in the region outside the hot spots, 7 and this makes the CE visible outside the hot spots in the present experiments.
Finally, we note that the local breakdown of QHE around the source contact as discussed in this work occurs only in wide Hall bars (WӷL B Ϸ100 m) ͑Ref. 7͒: In narrower Hall bars (WϽ100 m), the breakdown of the QHE develops in a region away from the source contact, 19 and strong polarization fields around current contacts do not have substantial effects on the breakdown characteristics. 7 In summary, high-resolution images of the local density profile of nonequilibrium electrons in a wide QHE device have been studied through near-field imaging of cyclotron radiation. Breakdown of the QHE, induced by the presence of current contacts, is found to occur only when the current exceeds a critical value, where the region of breakdown is limited to the side of source contact, at a corner opposite to the hot spot. The experimental findings are consistent with the slowly developing character of the breakdown, which is predicted by the model of bootstrap-type electron heating.
